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The rates of cell proliferation and cell loss in conjunction with 
the differentiation status of a tissue are among the many factors 
contributing to carcinogenesis. Nongenotoxic (non-DNA reactive) 
chemicals may affect this balance by increasing proliferation 
through direct mitogenesis or through a regenerative response 
following loss of cells through cytotoxic (oncotic) or apoptotic 
necrosis. In a recent NTP study in Fischer rats and B6C3F I mice, 
the mycotoxin fumonisin BI caused renal carcinomas in male rats 
and liver cancer in female mice. In an earlier study in male BD-IX 
rats, fumonisin BI caused hepatic toxicity and hepatocellular car-
cinomas. An early effect of fumonisin B I exposure in these target 
organs is apoptosis. However, there is also some evidence of 
oncotic necrosis following fumonisin B I administration, especially 
in the liver. Induction of apoptosis may be a consequence of 
ceramide synthase inhibition and disruption of sphingolipid me-
tabolism by fumonisin BI. Fumonisin BI is not genotoxic in bac-
terial mutagenesis screens or in the rat liver unscheduled DNA-
synthesis assay. Fumonisin BI may be the first example of an 
apparently nongenotoxic (non-DNA reactive) agent producing tu-
mors through a mode of action involving apoptotic necrosis, atro-
phy, and consequent regeneration. 
Key Words: apoptosis; fumonisin; mycotoxins; kidney cancer; 
liver cancer; regeneration; carcinogenesis. 
Introduction 
Fumonisins are ubiquitous contaminants of com and other 
grain products produced by Fusarium verticillioides (synony-
mous with Fusarium moniliforme) and several other Fusarium 
This article is the product of a working group organized by the International 
Life Sciences Institute, North American Branch. 
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species (Gelderblom et al., 1988; Marasas, 1996). There are at 
least 14 known fumonisins, of which fumonisin B I (FB I) is the 
most plentiful. Its occurrence in com varies seasonally and 
geographically. Levels of FB I in com can range from unde-
tectable (less than a few parts per billion) to as high as 150 
parts per million (ppm; Shephard et al., 1996). In the United 
States, processed com products usually contain less than 2 ppm 
FBI (Pohland, 1996). 
Consumption of com molded with F. verticillioides can lead 
to leukoencephalomalacia in horses, pulmonary edema in pigs, 
and liver and kidney toxicity in these and other species (Dut-
ton, 1996; IPCS, 2000). Numerous mycotoxins have been 
identified in F. verticillioides-contaminated com. During the 
past decade, FBI has been identified as the major Fusarium 
mycotoxin producing these toxicities (Dutton, 1996; Gelder-
blom et al., 1993), and it has been hypothesized as a risk factor 
for human esophageal cancer in certain regions of southern 
Africa and China. Early studies showed that inclusion of F. 
verticillioides in the diet of rats produced significant hepato-
toxicity with necrosis, fatty degeneration, bile duct prolifera-
tion and eventually fibrosis (Jaskiewicz et al., 1987; Marasas et 
al., 1984; Wilson et al., 1985). Because of its ubiquitous 
presence in com and potential for widespread exposure, the 
Food and Drug Administration recently evaluated FBI in 
chronic bioassays in rats and mice that were performed at the 
National Center for Toxicological Research through the Na-
tional Toxicology Program (Howard et al., 2001a; NTP Tech-
nical Report, 2001). The results of the bioassay indicated that 
FBI was carcinogenic, producing significant incidences of kid-
ney tumors in male rats and liver tumors in female mice. 
Previous bioassays using male rats performed in South Africa 
resulted in liver tumors (Gelderblom et al., 1991). 
          
           
          
        
         
        
        
         
       
         
            
          
       
        
       
      
        
        
        
   
         
         
         
     
         
        
         
        
        
        
        
          
         
        
       
         
     
        
      
       
       
          
        
         
     
       
        
       
    
      
          
           
           
        
          
         
        
       
         
          
            
         
         
  
        
       
          
       
         
       
         
         
           
          
          
       
       
     
          
         
         
        
   
         
          
        
         
        
         
         
       
          
    
       
         
      
         
        
     
        
        
     
        
       
       
       

       
      
      
        
      
         
       
   
       
       
       
         
         
         
       
       
        
          
         
       
       
        
       
       
       
         
       
       
          
        
        
         
        
          
         
          
          
     
       
         
          
     
    
      
        
          
          
        
        
         
        
      
       
           
      
         
        
      
          
        
       
          
       
     
      
             
            
      
    
        
          
           
         

         
        
        
          
          
         
          
     
           
         
         
          
       
          
       
   
       
          
         
            
         
        
        
           
       
         
        
        
         
        
          
         
 
       
 
       
       
         
         
        
         
        
          
               
               
           
            
              
       
        
        
          
       
       
      
 
        
           
         
        
           

           
         
       
           
        
         
        
        
      
          
      
         
         
           

         
        
          
          
       
         
        
          
        
           
        
         
         
        
 
              
    
 
   
       
     
     
     
     
      
     
     
     
     
       
     
     
     
     
      
     
     
     
     

          
           
           
            
         
          
        
     
      
        
    
    
           
        
        
         
        
          
        

         
         
        
        
      
       
      
       
         
   
         
       
          
           
       
       
      
       
      
          
         
         
        
          
           
         
       
          

         
         

  
     
        
        
           
        
        
      
       
     
       
       
          
       
          
          
          
      
          
      
          
           
           
          
         
       
      
           
           
       
         
       
           
           
    
     
            
        
         
         
       
        
       
         
         
         
          
        
          
         
         
        
       
 
         
          
         
         
        
     
        
        
       
     
        
      
      
       
         
         
       
        
         
      
       
      
         
         
     
          
         
         
       
       
         
        
         
      
             
          
     
              
           
          
     
         
       
         
       
        
          
         
      
      
       
          
        
        

           
        
         
       
        
         
          
          
      
       
       
         
     
        
         
   
    
        
       
            
         
          
          
         
         
        
    
        
           
         
          
         


           
         
       
       
         
         
    
          
        
         
        
           
        
           
         
      
       
       
     
      
        
         
      
         
        
          
          
         
          
        
     
         
          
     
        
      
         
    
        
           
         
        
        
       
        
       

       
        
         
        
          
         
        
     
          
         
      
          
      
         
 
  
         
        
        
          
         
      
          
    
          
          
           
          

         
       
         
         
      
        
       
     
          
           
          
         
          
           
         
         
           
       
         
        
         
        
      
 
          
          
          
       
 
       
        
            
      
        
        
       
         
         
         
           
       
 
    
         
        
      
         
           
          
         
         
        
        
         
       
          
         
     
        
         
       
       
       
          
          
          
      
       
          
        
        
        
       
         
          
         
            
       
        
      
         
        
      
        
         
         
        
         
         
         
           
  
       
        
        
         
       
         
        
        
         
        
         
       
     
        
       
          
        
          
          
          
          
 
       
         
        
          
 
   
       
         
        
          
         
        
        
  

       
         
           
        
        
        
          
           
         
         
       
  
        
        
         
          
        
        
 
       
       
         
       
       
         
        
          
         
          
          
         
       
          
            
         
          
          
         
       
         
        
           
        
        
         
         
      

       
        
         
         
        
          
         
           
        
       
        
         
         
       
         
        
       
         
       
        
          
       
        
          
         
         
        
       
          
         
         
        
        
         
      
          
         
       
        
        
        
         
          
         
       
       
           
        
          
         
          
          
        
  

       
         
         
 
       
          
        
          
       
          
        
       
        
         
       
          
        
      

           
         
         
           
          
            
         
            
         

         
           

            
       
       
         
        
    
               
         
 
             
          
     
           
        
             
          
          
  
          
 
           
  
            
    
            
            
      
        
        
    
            
       
        
  
         
      
             
            
 
            
       
         
       
            
     
     
          
            
   
             
           
      
            
        
        
   
           
        
        
             
          
        
   
             
        
      
              
             
         
       
            
       
 
           
           
          
   
          
       
            

              
          
        
             
            

          
     
             
           
          
       
         
       
       
        

            
        
     
             
       
    
          
       
             
           
            
         
            
          
           
   
              
            
          
           
       
                
            
          
    
            

               
          
         

           
       
           
     
          
    
        
      
          
        
 
             
        
         
              
         
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        
     
             
           
        
      
               
          

              
           
          
      
 
             
          
        
             
            
          
      
               
         
            

           
        
     
             
           

             
          
  
             
         
     
     
            
          
        
     
            
         
         
   
            
   
              
          
            
  
             
          
           
     
           
         

             
         
       

             
        
        
            
          
         
        
              
          
           

           
           
   
               
         
         
        
               
          
          
       
               
       
         

             
        
      
            
           
       
     
            
        
       
  
              
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